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Acoustic  Emission  Behavior  of  Flawed  Unidirectional 
Carbon  Fiber-Epoxy  Composites 


ABSTRACr 


— ^is  paper  icpofts  ••  cxperimeaial  unr«i§ftkm  on  wchiaicil  and 
acoyaic  cmiaaioa  behavior  of  apecially  deataeJ  aad  mawifcfUiwJeatboa 
fiber  epoxy  ooinpaaitet.  Uaidimetioaal  eowpoaiie  liiniaMfi  aiidi  wriooa 
flaw  coa<^(ara(ieaa  woe  leaied  ia  ieafiea  aad  their  aaertiaaical  aad 
acoustic  cwiittiou  leapoiwei  a«tc  detenmaed.  Rber  fraeiaM,  ddaadaa* 
lioa.  tpiining  (or  cndciai  aloiig  fiber*)  aad  (ridioa  of  deliwlaatd  beta 
ooMribuied  to  charaderittie  aeouMie  emwaioa  beharior.  Theac  eaa  be 


dttcifiiiaaied  oa  the  baai*  of  peak  anpiihide  aad  d«alMa«(obier¥Bd 

acoustic  eaaissioa  tigaali.  n  \  ^  >\  '  ■ 

The  ibott  duiaiioa  (  <  UO  1*0.  am|Me  s(|aaMr<30  A)  iitaiiy 

carboa  fiber  finacaue,  while  itiiMpgWiiapliaide  tifa^  (SO  ~  X  dB) 
with aa  awei^ ereat duratioa oTaplhkiMlicaie die  iahialioa aad  stow 
Myathofdrfanaiiiatioa.  High  awyldade«eia*(>XdB)ha¥eloafi  (>200 
eveM  duranou*  aad  are  cainedl^to  ta^  adtaaoe*  of  detaaaiaaiioa. 
Splitting  or  cracking  along  the  fibers  Voduoe*  low  to  medium  amplilude 
events  with  a  king  evem  duration  (>  I0iw|.  This  type  of  acoustic  emistion 
signal*  has  overlapping  cbatacterislics  iboM  of  defaanioatioa  and 
needs  Anther  ddinealioa  of  distiague  lung  patmnelets.  Debmiaaied 
samples  also  emit  acoustic  eaiissioatiga^  iwithaaspliiudesiadNiaageaf 
40  -  SO  dB  aad  event  duiaiioa  of  <lS07al  These  appear  to  arise  horn  ihe 
friction  of  dcisminaled  fsegy^ _ 

This  research  was  suppdfim^ Hughes  AiictafiCa  andbytheOfiiceof 
Naval  Research.  \ 


id  fsegy^ _ 

uppoftM^ H 


INTRODUCTION 

Acoustic  emission  studies  of  composite  materials  have  been 
numerous.  Over  200  ptqiets  tune  been  published  by  1983  P) 
and  a  comparable  number  of  papen  have  since  been  puMished.  In 
the  case  of  fiber  tcinfbte^  composites,  howem.  a  bask 
understanding  is  still  limited.  For  example,  it  is  not  cenaia 
whether  the  fracture  of  a  fiber  produces  high  amplitude  aooustk 
emission  or  not.  In  order  to  utilize  computerized  patiem  recogni¬ 
tion  analysis  procedures  for  quality  assurance  and  for  nondestnic- 
live  testing  (2-4],  it  is  necessary  to  characterize  acoustk  emission 
parameters  for  a  given  fracture  mechanism. 

An  even  larger  number  of  papen  have  been  published  on  fiulure 
modes  of  composites.  In  pattioilar,  the  fracture  of  flawed  com- 
posiiea  and  the  delamination  of  laminated  composites  have  at¬ 
tracted  recent  attention  (5-7].  Some  studies,  c.g.  Reference  (8). 
have  focused  on  the  aoousiic  emission  due  to  damage  grov^. 
However,  the  typically  compka  lay-up  sequences  and  the  lack  of 
pie-existing  Am  in  most  stadies  have  oomplicaled  the  inieipreta- 
tkw  of  nooustic  emitiion  observation.  Wl^  Ihe  darifkalion  of 

'DepdrtmenI  of  Materials  Sdenoe  and  &volne6iln(j.  School  of 
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fracture  processes  in  complex  composite  lay-ups  using  acoustic 
cmissioo  is  the  final  goal,  initially  we  need  simple  material  system 
to  understand  aooustk  ctnission  behavior  of  various  composite 
materials.  For  this  purpose,  imidiieciiooal  oomposiies  are  needed 
svith  seine  laminae  cut  at  specific  locations.  This  type  of  oomposiie 
must  be  produced  te-houac  since  no  such  material  jacommeiiaaHy 
available.  For  unidirectional  oompotkes.  fiber  fimctuie  and  matrix 
liractuies.  ie.,  ddaminaiion  and  splitting,  are  expected.  All  three 
types  are  observed  in  the  present  smdy.  In  order  to  evaluate 
acoustk  cmissioo  panmeteis  sssociaied  with  specific  feilure 
mechanisms,  advanud  aeonstk  emtssioa  iastramentation  is  used 
to  desetmiae  signal  amplitnde.  rise  time,  signal  dantion,  event 
rates  and  their  dittributiont.  Results  are  condaled  to  fracture 
behavior  of  these  model  composites. 


EXFERIMEKIAL  DESI(;N 

Tao  bask  types  of  samples  were  cmplcyed.  One  is  to  enfoed 
pre-cut  laminae  within  uiwfirectional  tensQe  samples.  Pre-cut 
laminae  were  plaoed  on  the  outer  suifeocs  (symroebkaUy)  or  in 
the  center.  This  group  of  sample  gcomeuies  is  expected  to  generate 
stress  conoemntion  at  the  pre-cut  laminae,  leading  to  fiber  frac¬ 
ture.  The  pre-existiiig  flaws  are  also  expected  to  initiate  ddamina- 
lion.  During  testing,  the  outer  pre-cut  laminae  ddaminaled.  mak¬ 
ing  a  comparison  of  aooustk  emissko  test  results  difficult.  Thus, 
pre-cut  laniinae  were  ia  moa  cases  placed  inside.  The  other  type 
of  samples  has  all  the  laminae  pre-cut  with  1/2  to  2 'overlap.  Thm 
are  similar  to  lap  joints.  Mo«  of  the  samples  ia  this  group  had  the 
overlap  length  of  1 Tbeae  pre-cut  laminae  srere  grouped  into  two 
or  thrre  groups,  each  oste  to  six  laminae  thick.  In  thia  type  of  sam¬ 
ple  geometries,  ddamination  is  expected  to  be  the  primary  fiulure 
mode. 


EXPERIMENTAL  PROCEDURES 
Material* 

Caiboo  fiber  leinfbreed  epoxy  matrix  oomposiie  abeeis  were 
produced  by  thermal  oompiessioa  method  from  a  prepreg.  Rolls  of 
6' vvide  prepreg  were  obtained  from  Heseoel  and  kept  in  a  freezer. 

fiben  were  Cefion  0-50  and  the  matrix  was  Hcxcei 
FSa4  epoxy.  SpecdicatioM  are  given  te  TkbteL  Required  mimben 
ofunidirectiooallaniuiaewerecHltolO'loiigaBdftaokedaoootd- 
ii^todetigH.iypkaIly.6' X  10*  size  aheeit  were  produced.  The 
iMuiiMt.  were  sandwiched  between  reloM  theeit  and 
bleeder  clothes  and  phmed  in  a  hot  platen  press.  Under  a  pressure 
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of  100  psi.  press  lempenniie  was  increased  lo  3S0*F  M  a  healing 
nie  of  S'F/min.  Hold  time  at  3S0*F  aos  2  vours. 

I^Rsile  samples  were  prepared  from  ihese  unidirectional  com¬ 
posite  sheets.  Nominal  width  of  1/2'  was  used.  Only  the  fiber 
direction  (0*)  samples  were  nsade  and  their  length  was  10*.  Rein- 
forcing  tabs.  3*  king,  were  glued  to  each  end  using  cyanoacryiic 
glue.  The  reinforcing  ubs  were  tapered  on  one  end  and  made  of 
1/4  '  thick  PVC  The  thickness  of  a  sampk  was  dependent  on  the 
number  of  laminae  with  a  singk  lamina  thickness  of  typically 
0.005'. 

Including  materials  prepared  for  preliminary  testing,  a  total  of 
35  composite  sheets  were  prepared.  Of  these,  the  main  part  of  this 
study  employed  founeen  sheets,  eight  of  which  had  some  uncut 
laminae.  The  remaining  six  had  all  the  laminae  pre-cut.  The  length 
of  overlap  ranged  from  1/2'  to  2'  and  was  I '  in  four  of  the  six 
sheets.  Ply  configurations  are  given  in  Table  2. 


Testing 

The  mechanical  testing  was  performed  using  a  floor  model  In- 
stron.  Screw-assisted  wedge  grips  were  used  to  hold  a  sample.  A 
crosshead  speed  of  OjOI  */min  was  always  used.  Since  (he  tested 
section  has  4*  length,  the  nominal  strain  rate  was  4.1  x  lO'Vs. 
However,  this  value  is  unreliable  because  of  the  presence  of  flawfs) 
in  a  sample.  Tests  were  conducted  in  room  air  at  70  to  75*F. 
Humidity  was  not  controlled. 

Acoustic  emission  tests  were  conducted  during  tensile  testing. 
An  acoustic  einissiott  sensor  (AET  MACITSL)  was  placed  on  a 
sample  at  the  center  portion  using  a  viscous  couplant  and 
Two  sensors  were  u^  in  the  course  of  acoustic  emission  tests. 
One  of  them  had  a  peak  sensitivity  of  70  dB  in  reference  to  IV  per 
/ibar  aixl  was  more  sensitive  than  the  other  by  33  dB.  The  less  sen¬ 
sitive  sensor  was  useful  lo  evaluate  high  amplitude  acoustic  emis¬ 
sion  sigiuts.  The  sensor  output  was  fed  to  a  preamplifier  We  used 
one  or  two  preamplifiers  with  a  plug-in  filler  of  125  to  250  kHz. 
These  were  60  dB  or  40  dB  gain  preamplifiers  (AET  I60B  or 
I4QA).  The  high  gain  preamplifier  was  used  when  low  amplitude 
signals  needed  lo  be  resolved.  Since  the  dynamic  range  of  signal 
processing  circuit  is  limited  to  about  60  d^  the  use  of  the  60  dB 
preamplifier  precludes  (he  characterization  of  signals  above  78  dB 
in  reference  lo  I  /lV  (i.e.,  the  signal  level  of  8  niV  or  higher  at  the 
sensor  output).  The  use  of  the  low  sensitivity  sensor  and  40  dB 
gain  preamplifier  allowed  (he  detection  of  signals  up  to  131  dB. 

The  preamplifier  output  was  fed  to  a  microprocessor-based 
acoustic  emission  sigiul  processor  (AET  Model  5000A).  Although 
two  inputs  can  be  processed,  only  one  input  was  processed  in  most 
tests,  in  order  to  gain  a  higher  processing  speed.  This  signal  pro¬ 
cessor  records  the  peak  amplitude,  signal  duration,  signal  rise 
time,  ringdown  or  acoustic  emission  counts  of  each  burst-type 
acoustic  emission  signal.  The  rate  of  burst-emission  signals  and 
applied  load  can  be  recorded  as  a  funaion  of  lime.  After  a  test, 
distributions  (cumulative  or  differential)  of  these  acoustic  emission 
parameters  can  be  obtained  from  a  specific  portion  of  (he  test.  In 
addition,  cross-plots  of  several  parameters  can  be  made;  e.g.,  the 
peak  amplitude  vs.  signal  duration.  In  (his  case,  a  dot  is  imprinted 
for  each  burst-emission  signal.  The  processed  data  is  stored  on  a 
hard  disk  during  a  lest  and  later  slor^  on  a  floppy  disk.  The  rms 
voltages  of  acoustic  emission  sigiuls  were  also  recorded  using  two 
rms  voltmeters,  a  multi-channel  digital  storage  recorder  and  a  two- 
pen  recorder. 


RESULTS  AND  DISCUSSION 
Fracture  Modes  and  Strength 

Three  main  modes  of  fracture  were  observed.  The  first  type  is 
fiber  fracture  at  a  pre-cut  lamina  location.  (When  individual  fiben 


fail  at  random  locations,  no  observable  indication  is  produced  on 
the  san^  surface  or  on  the  ioad-iime  curve.  We  will  discuss  this 
type  of  fiber  fracture  later.)  The  second  is  splitting  parallel  to  the 
load  (or  fiber)  direction,  followed  by  fracture  of  split  oomposile  at 
various  locations.  Typically,  the  splitting  startt  at  a  low  load.  As 
the  load  is  increased,  the  splitting  extends  along  the  sample  and 
more  splitting  occurs  at  other  locations.  Final  fracture  is 
catastrophic.  These  two  types  are  often  accompanied  by  delamina¬ 
tion  as  well.  The  third  is  delamination.  When  no  continuous  ply 
exisu  as  in  some  composite  sheets,  the  delamination  leads  to  the 
so-called  'tensile  shear'  fraaure  (of  lap  joints).  In  Table  3.  the 
three  types  of  fracture  will  be  referred  to  by  'F*.  'S’  and  *D', 
respectively. 

Tlible  3  summarizes  the  sample  lay-up,  fracture  load.  tiMde  of 
fracture  and  the  nominal  and  ^ective  fracture  stresses.  The  se¬ 
cond  values  of  fracture  load  in  parentheses  irxlicate  the  loads  at 
which  a  large  load  drop  was  observed.  This  is  considered  to  be  the 
initiation  load  of  a  large  delamination.  The  eflective  fracture  stress 
was  calculated  by  using  (he  area  of  un-cut  laminae.  Wlren  all  the 
laminae  were  pre-cut,  the  fracture  load  was  divided  by  (he  area  of 
a  lap  joint  to  otoin  tensile  shear  stress.  Splitting  was  the  dominant 
mo^  when  un-cut  laminae  are  included,  whereas  delamination 
was  observed  for  the  samples  with  lap  joints  (with  one  exception). 

When  the  splitting  mode  is  observed,  the  final  fracture  aiwuys 
coincided  with  complete  delamination,  followed  by  fiber  fracture 
within  each  split  composite.  Thus,  the  fracture  load  (stress)  repre¬ 
sents  the  start  of  macroscopic  delamination.  This  is  also  the  case 
for  the  delamination  mode  of  fracture. 

Observed  range  of  effective  fracture  strength  was  150  to  230  ksi 
when  un-cut  laminae  are  included.  This  agrees  with  typical  values 
for  carbon  fiber-epoxy  composites  in  the  0*  direction.  The  tensile 
shear  strength  with  one  inch  overlap  was  1200  to  3500  psi,  increas¬ 
ing  with  the  thickness  of  composites.  This  range  is  also  typical  of 
epoxy  adhesive  joints. 

In  most  tests,  splitting  occurred  starting  at  less  than  a  half  of  the 
fracture  load.  Assuming  typical  values  of  Htisson's  ratio,  0.24,  the 
applied  stress.  lOOjOOO  psi,  the  transverse  modulus,  K)*  psi  and  the 
longitudinal  modulus  of  28  x  K)*  psi,  we  find  the  transverse  stress 
to  be  860  psi  (assuming  no  width  relaxation  due  lo  grip  holding  ac¬ 
tion).  This  is  several  times  smaller  than  typical  transverse  ultimate 
strength  of  similar  composites,  but  this  appears  to  be  caused  by  the 
compression  of  the  sample  at  the  grips  inducing  transverse  tensile 
stress. 


Acoustic  Emission 

Figure  I  shews  the  plots  of  load  vs.  time  and  rms  voltages  of 
acoustic  emission  signals  vs.  time  curves  for  Test  No.  32.  The 
sample  in  this  test  had  lay-up  E-3.  a  six-laminae  composite  with 
two  three-laminae  group  pre-cut.  overlapping  2'.  This  sample 
failed  completely  in  tensile  shear;  that  is.  delamirution  of  the 
overlap  area  led  to  failure.  Strong  acoustic  emission  sigitals  were 
detected  coinciding  with  load  drops  and  nearing  the  firul  fracture. 
Noticeable  acoustic  emission  aaivities  started  at  about  one-third  of 
the  maximum  load  level.  The  peak  amplitude  distribution  of 
acoustic  emission  signals  for  (his  portion  of  the  test  is  shown  in 
Figure  2a  (55  to  90  s  segment  out  of  the  recorded  test  duration  of 
170  s).  The  number  of  acoustic  emission  events  was  less  than  80 
and  the  lowest  and  highest  observable  events  had  (he  peak 
amplitude  of  52  dB  and  84  dB  in  reference  to  I  pV.  respectively. 
The  average  peak  amplitude  of  detected  acoustic  emission  events 
was  about  60  dB.  The  amplitude  distributions  of  the  next  iwm  seg- 
menu  (90  lo  125  s  and  125  to  145  s  segments)  are  given  in  Figure 
2b  and  2c.  These  showed  basically  similar  distributions.  However, 
(he  average  peak  amplitude  was  lowered  lo  58  dB  and  53  dB. 
respectively,  and  a  new  peak  at  40  lo  50  dB  range  emerged.  The 
high  end  of  the  peak  arripiitude  distribution  was  also  extended  lo 


128  dB.  HoM«ver.  the  major  part  of  acoustic  emission  events  had 
the  peak  amplitude  between  SO  and  20  dB.  The  events  above  80  dB 
weie  evenly  distributed  during  the  second  segment,  but  mote 
events  wen  found  at  88  -  108  dB  during  the  third  segment.  The 
amplitude  distributions  of  the  last  segment  (I4S  to  120  s)  that  in¬ 
cludes  final  fracture  are  shown  in  Figure  2d  and  2e.  The  two 
distributions  represent  low  and  high  amplitude  ranges.  The  two 
peaks  discus.sed  above  merged  showing  the  highest  activity  at  SO 
dB.  For  this  segmem.  although  its  activity  was  lower  than  lower 
amplitude  peaks  (at  4S  and  SS  dB),  another  peak  was  found  at  95 
dB.  as  shown  in  Figure  2e. 

The  duration  of  acoustic  emission  events  was  also  analyzed  and 
the  results  indicate  that: 

•  Most  (>9S%)  events  with  peak  amplitude  below  SO  dB  have 

event  duration  less  than  ISO  fis. 

•  Average  event  duration  of  medium  amplitude  (50  —  7S  dB) 

events  is  —  120  jis. 

•  High  amplitude  events  of  over  7S  dB  have  event  duration  longer 

than  ~  200  iis. 

Since  this  composite  essentially  has  a  single  lap  joint  configura¬ 
tion,  the  stress  concentration  at  the  ends  of  overlapping  laminae 
leads  to  Mode  I  and  Mode  II  fraaure.  This  causes  delamination  at 
A  or  B  in  Figure  3.  The  delamination  grows  toward  the  center  of 
the  overlapping  area.  As  the  applied  load  increases,  delamination 
begins  at  the  other  end.  They  can  also  grow  toward  the  loading 
ends  of  the  sample  (although  such  delamination  was  not  observed 
in  Sample  No.  32.)  From  the  above  acoustic  emission  observation, 
the  medium  amplitude  (SO  —  25  dB)  events  appear  to  correspond 
to  the  initiation  and  slow  growth  of  delamination.  This  is  so  de¬ 
duced  because  initial  acoustic  emission  events  had  the  medium 
amplitude  levels  only  and  the  fracture  of  carbon  fibers  is  quite 
unlikely  at  the  applied  stress  levels  below  30  ksi.  The  high 
amplitude  (>2S  dB),  long  duration  (>2(X)  pa)  events  are  at¬ 
tributed  to  origiruie  from  rapid  advances  of  the  delamination,  ac¬ 
companied  by  load  drops.  Since  this  sample  foiled  by  delamina¬ 
tion,  the  only  plausible  mechanism  for  the  observed  events  during 
the  final  fracture  is  massive  delamination.  Even  at  the  final  frac¬ 
ture,  this  sample  was  stressed  to  only  43  ksi,  making  the  fiber  frac¬ 
ture  unlikely.  Examination  of  the  fractured  sample  also  irvlicated 
no  apparent  fiber  fracture.  Moreover,  the  high  amplitude  events 
observed  were  invariably  of  long  duration.  If  a  fiber  fracture  were 
to  generate  such  a  high  amplitude  event,  one  would  expect  a  very 
short  duration  signal  due  to  the  small  diameter  of  carbon  fibers 
(  -  7  /«m).  Even  with  a  slow  crack  growth  rate  of  K)  m/s,  it  takes 
only  0.7  fis  to  fracture  7  fim  fiber.  While  resortance  phenonena  in¬ 
creased  the  duration  of  acoustic  emission  signals,  it  is  difficult  to 
expect  over  200  /ts  events.  Thus,  we  can  rule  out  fiber  fracture  for 
these  high  amplitude  events.  The  above  interpretation  is  in  agree¬ 
ment  with  References  (8|  and  (9|,  but  not  with  the  authors  who  at¬ 
tribute  high  amplitude  events  to  fiber  fracture  (W  and  11).  The  low 
amplitude  events  were  considered  to  be  due  to  the  friction  of 
delaminated  faces  (8).  The  present  corrdition  makes  this  interpreta¬ 
tion  attractive,  although  we  have  no  direct  evidence  to  support  this 
hypothesis. 

The  load-time  and  rms  voltage-time  curves  for  Test  No.  65  are 
shown  in  Figure  4.  The  sample  had  nine  laminae,  the  middle  three 
laminae  being  pre-cut.  It  exhibited  delamination  of  the  un-cut 
outer  laminae,  after  which  these  delaminated  laminae  split  and 
finally  the  split  outer  laminae  foiled  during  the  catastropk  failure. 
The  center  three  laminae  were  not  split  even  after  the  final  frac¬ 
ture,  indicating  the  splitting  became  significant  only  after  die 
delamination. 

Acoustic  emission  signals  were  detected  suiting  at  ~  100  s  or  at 
46  ksi.  The  peak  amplitude  distribution  of  the  segment  when 
acoustic  emission  was  first  observed  (2  to  3  minutes,  correspond¬ 
ing  to  stresses  of  3S.4  to  76.8  ksi)  is  shown  in  Figure  Sa.  Here,  it 
peaks  at  31  dB  and  decreases  with  iiKteasing  amplitude.  The 


decrease  below  31  dB  is  due  to  approaching  threshold  level  (25 
dB).  It  is  significant  that  over  90%  of  acoustic  emission  events  have 
amplitude  below  SO  dB.  About  a  half  of  the  detected  events  ex¬ 
hibited  less  than  SO  pa  evem  duration.  These  short,  low  amplitiide 
events  cannot  be  attributed  to  delamination,  which  emits  mostly  in 
the  amplitude  range  of  SO  to  70  dB.  Friction  of  delaminated  faces 
cannot  occur  befoie  subsumial  delamination  ukes  place.  In  this 
sample,  splitting  suited  after  the  load  drop  due  to  a  large 
delamination  (at  350  s).  The  only  likely  source  of  low  amplitude 
acoustic  emission  is  then  the  fracture  of  carbon  fibers.  Lorenzo 
and  Hahn  |9|  showed  that  the  average  peak  amplitude  level  due  to 
the  fracture  of  a  carbon  fiber  bundle  is  35  dB.  The  present  finding 
is  in  accord  with  their  observation. 

When  this  sample  was  loaded  to  156  ksi.  a  load  drop  and 
delamination  were  observed.  The  peak  amplitude  distribution  of 
this  segment  when  acoustic  emission  became  strong  (6.67  to  7 
minutes,  corresponding  to  stresses  of  140  to  156  ksi)  is  shown  in 
Figure  5b,  Here,  a  bimodal  distribution  with  peaks  at  33  dB  and  52 
dB  was  observed.  More  than  a  half  of  the  events  had  the  event 
duration  longer  than  150  ms.  It  is  apparent  that  about  50%  of 
acoustic  emission  events  are  similar  to  those  observed  at  lower 
stresses,  while  the  remainder  can  be  attributed  to  delamiiution, 
which  emits  mostly  in  the  amplitude  range  of  50  to  70  dB.  Thus, 
we  coiKlude  that  the  amplitude  distribution  (Figure  5b)  arises 
from  the  fracture  of  carton  fibers  and  the  delamirution. 

The  third  type  of  acoustic  emission  behavior  is  illustrated  in 
Figure  6  (Test  Na  66).  This  sample  was  a  seven-lamiru  com¬ 
posite,  the  center  single  lamina  of  which  is  pre-cut.  In  the  failed 
sample,  no  delamirution  was  detected.  Orte  major  and  two  minor 
splitting  were  noted.  The  firul  fracture  was  due  to  fiber  breakages 
at  both  ends  (at  the  end  of  grip  ubs).  Acoustic  emission  started  at 
the  stress  of  42.5  ksi.  The  peak  amplitude  distribution  of  acoustic 
emission  signals  from  the  start  to  430  s  (fractured  at  440  s)  is  given 
in  Figure  7a.  A  piominem  peak  at  33  dB  is  again  evident.  The 
average  peak  attitude  level  is  about  35  dB  and  a  higher 
amplitude  tail  extended  to  78  dB  (maximum  in  the  present  setting). 
However,  acoustic  emission  events  with  amplitude  levels  above  45 
dB  constituted  less  than  10%.  The  average  event  duration  was 
about  35  MS.  These  short,  low  amplitude  signals  are  again  expected 
to  arise  from  the  fraaure  of  carbon  fibers  as  in  the  case  of  Test  No. 
65.  The  peak  amplitude  distribution  from  the  initial  segment  (90  to 
240  s)  is  given  in  Figure  7b.  Except  for  the  height  of  the  distribu¬ 
tion  curve,  it  is  nearly  identical  to  Figure  7a,  implying  that 
mechanisms  of  acoustic  emission  are  also  similar.  The  peak 
amplitude  distribution  from  430  s  to  the  end  of  the  test  is  given  in 
Figure  7c.  Again,  the  results  are  remarkably  similar  to  the  two 
curves  shown  together.  However,  the  number  of  events  above  70  dB 
is  higher,  refleaing  the  fact  that  the  final  fraaure  is  iiKludcd  in  this 
segment. 

In  Figure  7a  to  7c,  it  should  be  pointed  out  that  events  having  the 
amplitude  levels  of  45  to  65  dB  arc  always  piescnt.  These  were 
observed  from  the  early  suges  to  the  final  fracture.  These  medium 
amplitude  signals  arc  apparently  due  to  splitting  since  no 
delamination  was  detected  esen  in  the  fractured  sample.  These  sig¬ 
nals  contribute  to  large  spikes  in  the  rms  voltage  time  curve 
(Figure  6)  and  their  numbers  arc  comparable  to  that  of  delam- 
inalion-induccd  acoustic  emission  signals  (Figure  2a).  When  a 
cross  plot  of  peak  amplitude  and  event  duration  was  obuined  using 
a  POSTPRO  program  from  AET,  a  general  trend  of  longer  event 
duration  with  higher  peak  amplitude  was  observed.  When  the  peak 
amplitude  is  slightly  above  50  dB,  the  event  duration  of  all  higher 
amplitude  events  exceeds  200  pts.  Comparable  long  event  duration 
for  delamination  induced  sigiuls  was  observed  only  for  amplitude 
levels  higher  than  60  to  7S  dB.  In  addition,  a  considerable  number 
of  events  below  40  dB  with  the  event  duration  of  over  100  pis  were 
also  daected.  These  appear  to  be  due  to  the  q>litting  since  the  low 
amplitude  events  from  fiber  fraaure  have  bMn  shown  to  last  no 
more  than  100  in  the  discussion  above.  These  findings  are  not 
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surprizing,  as  splilting  is  macroacopic  crack  propagalioa  ia  the 
tesHi  matrix  at  very  low  siiesses.  The  splittiilf  also  propi^aies 
slowly  and  loDfer  acoustic  cmissioa  eveiN  duniioB  is  thercibte  ex¬ 
pected.  This  topic  needs  to  be  studied  further  usiof  other  sample 
config^ions  that  pronMie  stable  crack  prapagatioa  along  the 
fibers  in  uniditectkMiai  composites.  This  parameter  nuy  assist  in 
discriminatiiig  between  tplkting  and  deiaminatioo.  which  produce 
similar  amplitude  acoustic  emission  events. 


CONCLUSIONS 

The  present  experiment  shows  that  acoustic  emission  signals 
provide  indications  of  different  fracture  processes  in  composites. 
The  following  conclusions  have  been  rmched  using  peak  ampli¬ 
tude  distribution  and  evem  duration  of  acoustic  emission  signals 
together  with  specially  designed  carbon  fiber  epoxy  composite 
samples. 

•  The  short  duration  (<  100  ps),  lower  ampliiude  signals  (<S0 
dB)  signify  carbon  fiber  fracture,  which  is  found  in  unidiiec- 
tioiMl  composites  containing  un-cut  laminae  at  stresses  ex¬ 
ceeding  —50  ksi. 

•  The  medium  amplitude  signals  (50  —  TO  dB)  with  an  average 
event  duration  of  — 120  ps  indicate  the  initiation  and  slow 
growth  of  defamination.  These  were  detected  in  composites  with 
a  lap-joint  and  ia  those  with  prwcut  mid-laminae. 

•  High  aa^itudc  vents  (>T0  dB)  have  kwg  (>200  ps)  event 
durations  and  are  caused  by  ra^  advances  of  deiaminatioo. 
These  were  typically  observed  during  massive  deiaminatioo  ac¬ 
companied  by  a  load  drop. 

•  Splitting  or  craddng  along  the  fibers  produces  low  to  medium 
amplitude  events  with  a  long  event  duration  (>  100  ps).  This 
type  of  acoustic  emission  signals  has  overlapping  characteristics 
with  those  of  delamination  and  needs  further  delineation  of  dis¬ 
tinguishing  parameters. 

•  Delaminated  samples  also  emit  acoustic  einissioo  signals  with 
amplitudes  in  the  range  of  40  —  SO  dB  and  event  duration  <150 
ps.  These  appear  to  arise  from  the  friakm  of  delaminated  feces. 


Thb  lesearch  vas  supponed  by  Hughes  Aircraft  Ca  and  by  die 
Ollitt  of  Naval  Research,  to  which  the  audwr  b  most  grateful. 
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FIGURE  1 .  iDOd  Vi  time  and  the  rrro  voUoges  o<  ocoostic  emis¬ 
sion  signals  vs.  time  plots  lor  Sample  No  32. 


PEAK  AMPLITUDE  (dB) 

FIGURE  2a.  The  peak  omplitwde  distribution  c4  ocx>ustic  emis¬ 
sion  signals  tor  the  segment  o<  55  to  90  s  for  Sample  Na  32  (cf. 
Figure  1).  The  ietererx»  level  for  the  amplilude  levels  1$  0  dB  of 
1  at  the  seraor  output. 
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PEAK  AMPUTUOE  (68) 

noWK  2bi  The  peak  ornpRIude  dblrtouHon  or  acoustic  emisr 
lion  stgoob  lor  the  segrtierl  of  90  to  <25  s  tor  sample  Na  32  (d 
Figure  1)  The  retorence  level  tor  Ihe  amplitude  levels  Is  0  dB  of 
1  of  Ihe  sensor  output. 

26/SbssionI.  10:43-11:15 


PEAKAMPUTUOECdB) 

figure  2fe  The  peek.  dmpBtudedlsWbutton  or  oooustteernls- 
Sion  stanob  tor  Ihe  segment  or  <25  to  445  s  tor  Sample  Na  32 
(d  Flgme  1).  The  letorenoe  level  tor  Ihe  amplitude  levels  b  0 
deal  1  |i  at  the  sensor  output. 
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PEAK  AMPUTUOE  (d8) 

FIGURE  Rd.  The  peak  ompklucle  distribution  ot  acoustic  emis¬ 
sion  signais  tor  the  segmerO  of  145  to  165  s  tor  Sompie  No  32 
(cf.  Figure  1).  loe/  amplitude  range  The  referertce  ie\«l  tor  the 
amplitude  levels  is  0  dS  at  1  «iV  at  ihe  sertsor  output. 


PEAK  AMPLITUDE  (48) 

FIGURE  2e  The  peak  amplitude  cRstribution  of  oooustic  emis¬ 
sion  signals  tor  the  segm^  of  145  to  165  s  tor  Sample  Na  32 
(cf.  Figure  1).  High  amplitude  range  The  refererxe  level  tor  the 
amplitude  levels  isOdSatl^Vattoe  sertsor  output. 
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FIGURE  3.  Oelamination  in  typo  E  lo^up  composite  Both 
nrxxJes  I  and  n  fracture  take  place  at  A  and  B  OetamirKition 
normally  advarrces  tov*ord  the  center  of  the  sompie 


FIGURE  4.  Load  vs  time  and  the  rms  voltages  of  acoustic  emis¬ 
sion  signals  vs.  time  plots  for  Sample  No  65. 


PEAK  AMPUTUOE  (48) 

FIGURE  So.  The  peak  ampMude  distribution  of  ocouslic  emis¬ 
sion  signals  tor  the  segment  of  120  to  180  s  tor  Sample  No  65 
(cf.  Figure  4).  The  reference  level  for  Ihe  omplitude  levels  Is  0 
dB  at  1  at  the  sensor  output. 


PEAK  AMPLITUDE  (48) 

FIGURE  Sb.  The  peok  omplitude  distribution  of  ocoustic  emis¬ 
sion  signals  tor  Ihe  segm^  of  400  to  420  s  tor  Sample  No  65 
(cf.  Figure  4).  The  reference  level  tor  ihe  amplitude  levels  is  0 
dB  at  1  |iV  at  Ihe  sensor  oulput. 
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nGUIH  load  VS.  lime  and  the  rmsvottaoes  of  acoustic  emis¬ 
sion  signals  vs.  time  p(oh  tof  Sample  Nq  66. 


rCAK  AMPUTUOe 

H6URC  7a.  Ihe  peak  amplltucle  dstribuHon  of  acoustic  emis¬ 
sion  signats  for  the  seomenl  of  0  (o  430  s  for  Sample  Na  66  (cf. 
Figure  6).  The  reference  leMel  for  the  amplitude  les/els  is  0  dB  at 
1  iiV  at  the  seruor  output. 


tCAIC  AMPUTUOE  («) 

FIGURE  7tx  The  peak  amplitude  distribution  of  acoustic  emis¬ 
sion  sigr^ols  for  the  segmert  of  90  to  240  s  for  Sample  No  66  (cl 
Figure  6).  The  retererKe  level  for  the  amplitude  levels  Is  0  dB  at 
1  at  the  sensor  output. 


PEAK  AMPUTUOE  (dS) 

FIGURE  7c  The  peek  amplitude  distribution  of  acoustic  emis¬ 
sion  sigryjis  tor  the  segment  o(  430  to  453  s  for  Sample  No  66 
(cl.  Figure  6).  The  reterertce  les^l  for  ihe  amplitude  le^«ls  is  0 
dB  at  I  aV  at  the  sensor  output. 
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